ABSTRACT In this work, we carried out both theoretical calculation and experimental studies to reveal the contribution of hollow geometry to the light utilization efficiency of the TiO2 photocatalysts in diluted aqueous solution. It is found that the single or multi-shelled hollow structures do not induce significant multiple reflections within the shells as widely believed in previous reports, and therefore the geometric factor has minimal contribution to the improvement of the light utilization efficiency of the photocatalyst. To design TiO2 photocatalysts with higher activity, it is more appropriate to focus on the improvement of the crystallinity, diffusion, surface area, and dispersity of the catalysts, rather than their geometric shapes.
INTRODUCTION
Hollow structures of inorganic materials have attracted much attention because of their widespread potential applications in catalysis, controlled delivery, photonic devices, biomedicine, and energy [1] [2] [3] [4] [5] [6] [7] . For applications in environmental and energy-related systems, various hollow spheres of metal, metal oxide, and carbon-based materials have been used in dye-sensitized solar cells [8] , photocatalysis [9] , fuel cells [10] , lithium ion batteries [11] , and supercapacitors [12] . It has been proven that the unique structure of hollow spheres provides an enhanced surface-to-volume ratio and reduced transport lengths for both mass and charge transport [13] . Particular interests have been attracted to the synthesis of hollow structures of TiO2, one of the most widely studied semiconducting oxide materials, and their applications in solar energy conversion [14] . In addition to the intrinsic materials characteristics including low cost, low toxicity, and high chemical and optical stability [15, 16] , hollow nanostructures of TiO2 are believed to be able to provide a high active surface area, reduced diffusion resistance, and improved accessibility, which are beneficial features for photocatalysis. We have previously synthesized mesoporous hollow TiO2 shells with high surface areas through a surface-protected calcination process, revealed how the surface coating of another oxide or polymer could affect the crystallinity and the catalytic activity of the shells, and demonstrated that the phase composition, degree of crystallinity, surface area, and dispersity of TiO2 were important features required for photocatalysis [17] [18] [19] [20] .
In solar energy conversion, one of the widely emphasized advantages of the TiO2 hollow structures is the enhanced light utilization efficiency. For example, Li et al. [21] found that the photocatalytic activity of the ''semi-hollow'' core-shell structured TiO2 increased compared to the ''fully-hollow'' structured TiO2, suggesting that the multiple reflections of the incident light within the interior cavity of the hollow structure resulted in an enhanced light harvesting efficiency. This claim of enhancement of the photocatalytic activity by multiple reflections was echoed by others for TiO2 hollow structures [22] [23] [24] [25] , and also claimed later for other hollow materials such as ZnO [26, 27] , NiO [28] , SnO [29] , CdS [30] , Fe2O3 [31] and carbon nitride [32] . However, as generally known, the multiple reflections within the interior cavity should occur only when the cavity diameter is much larger than the wavelength of the incident light [33, 34] . Since many of the previous claims were made based on submicron hollow structures, it remained a question if hollow structures of this dimension can indeed induce multiple reflections and benefit the light utilization efficiency of the photocatalysts.
In this work, we carried out both theoretical calculation and experimental studies to reveal the contribution of hollow geometry to the light utilization efficiency of the TiO2 photocatalyst. We show that the hollow or multi-shelled hollow structures do not help much in improving the light utilization efficiency of the materials for photocatalysis. Calculations based on Mie scattering theory and experimental comparison of the photocatalytic activity of the TiO2 hollow shells with that of crushed ones reveal that multiple reflections of 365 nm UV light are not notable in submicron TiO2 hollow shells. The photocatalytic performance of TiO2 hollow structures may be enhanced by the Mie resonances when the diameters of the TiO2 shells match with the wavelength of the incident light. However, the activity enhancement is found to be still minor compared with other parameters such as crystallinity, diffusion resistance, surface area, and solution dispersibility of the catalyst.
EXPERIMENTAL SECTION

Chemicals
Tetraethylorthosilicate (TEOS, 99%), poly(vinyl pyrrolidone) (PVP, Mw~40,000), ammonium hydroxide (NH3·H2O, 28% by weight in water), were purchased from Sigma-Aldrich. Ethanol was obtained from Fisher. Tetrabutyl orthotitanate (TBOT, 99%) was purchased from Fluka. Absolute ethyl alcohol (200 proof) was purchased from Gold Shield Chemical. All chemicals were used as received without further purification. Deionized water was used throughout the experiments.
Synthesis
SiO2@TiO2
Colloidal silica templates were prepared through a modified Stöber method [35, 36] . TEOS (0.86 mL) was mixed with deionized water (4.3 mL) and ethanol (23 mL) and an aqueous solution of ammonia (28%), the size of SiO2 could be tuned by adjusting the concentration of ammonia. By adding 0.3, 0.45, 0.55, 0.62 and 1 mL of ammonia, the size of the SiO2 particles is 90, 140, 200, 330 and 490 nm, respectively. After stirring for 4 h, the SiO2 particles were separated by centrifugation, washed three times with ethanol, and then re-dispersed in 20 mL of ethanol. The above silica solution (5 mL) was dispersed in a mixture of ethanol (15 mL) and acetonitrile (7 mL). After adding ammonia aqueous solution (28%, 0.2 mL), TBOT (0.4 mL) in a mixture of ethanol (3 mL) and acetonitrile (1 mL) was injected into the mixture. After stirring for 3 h, the precipitate was isolated by centrifugation, washed with ethanol to give SiO2@TiO2 core-shell composites.
SiO2@TiO2@SiO2
Above SiO2@TiO2 particles were dispersed in 20 mL of water, treated with PVP (0.2 g) overnight to allow for the adsorption of PVP onto the TiO2 surface, separated from solution by centrifugation, and then re-dispersed in 23 mL ethanol. The solution of SiO2@TiO2 was sequentially mixed with water (4.3 mL), TEOS (0.8 mL) and aqueous ammonia (28%, 0.62 mL). After stirring for 4 h, the resulting SiO2@TiO2@SiO2 particles were centrifuged, washed three times with ethanol and dried under vacuum.
Calcination and etching
To crystallize the amorphous TiO2 shell, the samples were dried under vacuum and heated in air to 900°C at a rate of 2.5°C min −1 then held for 2 h and cooled to room temperature. To obtain hollow shells by removal of the SiO2 core and SiO2 shell, the calcined sample (100 mg) was dispersed in an aqueous NaOH solution (20 mL, 0.5 mol L −1 ), which was then stirred for 4 h at 90°C. The etched microspheres were centrifuged and washed several times with deionized water and ethanol and dried under vacuum to obtain the final hollow shells.
Void@TiO2@Void@TiO2
The above SiO2@TiO2@SiO2 with 330 nm SiO2 as core template was coated with another layer of TiO2 and SiO2, followed by calcination and etching, resulting in the TiO2 double-shelled structure void@TiO2@void@TiO2, noted as D-T550. To fabricate TiO2 double-shelled structure with larger inter-shell distance, the process of SiO2 coating on SiO2@TiO2 was repeated, and then followed the same TiO2 coating procedure. The product was noted as D-T670.
Characterization
The sample morphology was characterized using transmission electron microscopy (TEM) (Tecnai12). Samples were prepared by placing a drop of a diluted alcohol dispersion of the products on the surface of a copper grid. Crystal phases were determined by X-ray diffraction (XRD) analysis using a Bruker D8 advance diffractometer with Cu-Kα radiation (λ = 1.5406 Å). Nitrogen adsorption isotherms were obtained at 77 K using a nitrogen sorption instrument (Quantachrome NOVA 4200e). Brunauer-Emmert-Teller (BET) calculations utilized the adsorption branch of the isotherm. The crushing treatments for silica hollow particles were carried out by grinding 20 mg sample in an agate mortar by hand for about 5 min.
Catalytic activity tests
The photocatalytic activity was evaluated by following the degradation of Rhodamine B (RhB) as a function of time. Before the photocatalytic test was initiated, the catalyst was first irradiated under UV light for 30 min to remove any residual organic contaminants. The catalyst (5 mg) was dispersed in an aqueous RhB solution (25 mL, 2 × 10 −5 mol L −1 ) in a 50 mL reactor cell and the solution was stirred in dark condition for 30 min to ensure adsorption of the dye. A 300 W Hg lamp with a 365 nm filter was used as the source of excitation (Xujiang XPA-7). The concentration of RhB was measured using a UV-vis spectrophotometer (HR2000CG-UV-NIR, Ocean Optics). The concentration of RhB in the reaction media was followed as a function of time by using the intensity of the 553 nm absorption peak in order to obtain the kinetic data.
RESULTS AND DISCUSSION
It has been widely proposed that the multiple reflections of light within TiO2 hollow spheres can improve light harvesting and therefore enhance the photocatalytic activity, as shown in Fig. 1a . In photocatalysis, the activity of a catalyst is usually evaluated based on the same mass of the semiconducting materials. Therefore, to investigate the effect of multiple reflections, we need to compare the light absorption of a TiO2 sphere and a hollow shell with the same mass. Absorption cross section is a measurement for the probability of an absorption process. More generally, cross section is used to quantify the probability of a certain light-particle interaction. Thus, we firstly calculated the cross sections of extinction, scattering, and absorption of solid and hollow TiO2 spheres based on Mie scattering theory by assuming a fixed mass. As shown in Fig. 1b , the TiO2 hollow shells evolve from a solid sphere by increasing the internal radius but maintaining the shell volume equal to the solid sphere. Firstly, TiO2 hollow shells with the diameters ranged within 0-600 nm was calculated, as shown in Figs 1c-e. The scale bar from blue to red represents the relative light intensity of the cross sections. In the simulations presented, the vertical axis indicates the radius of the solid TiO2 spheres, while the horizontal axis indicates the internal radius of TiO2 hollow shells. From this, it is observed that the extinction and the scattering intensity are very low in the Rayleigh region [33] ; whereas in the Mie region, both the extinction and the scattering increase with the increasing of the solid particle size and the internal radius of hollow shells, showing a fluctuating distribution along the vertical and the horizontal axis. As a result, both the extinction and the scattering of hollow shell are much stronger than that of the corresponding solid sphere. The absorption also increases with the size of the TiO2 spheres. Based on the same mass of TiO2, with an increase of the radius of the inner cavity along the x-axis, the hollow shells become thinner and bigger. It is observed that the extinction of hollow shells is much stronger than the corresponding solid sphere (Fig. 1c) . However, it can be found that the scattering of the hollow shell is also stronger than the solid one. By comparing the extinction and scattering, we are able to confirm that the higher extinction intensity of hollow shells is due to the scattering, rather than the absorption. The absorption of the hollow shell actually shows a similar intensity with the solid sphere (Fig. 1e) , suggesting that there might be no multiple reflections within the hollow shell which can enhance the light harvesting efficiency. According to the theory of geometrical optics, the multiple reflections within the interior cavity of the hollow shell may occur when the particle size is much larger than the wavelength of the incident light [33, 34] . Hence, we further expand the diameter of the TiO2 shells up to 6 μm for calculation, with the simulated results shown in Figs 1f-h. The extinction and absorption of TiO2 increase with the radius of solid spheres (y axis) and the internal radius of the hollow shells (x axis). By comparing the intensity of extinction, scattering, and absorption, it is found that for the larger TiO2 particles, the extinction of light is mainly due to the absorption and the scattering is relatively low. The TiO2 hollow shells show a notably stronger absorption than the solid sphere when the radius is beyond 1.5 μm (Fig.  1h) , which can be explained by the possible multiple reflections within the cavity of the hollow structure. It seems reasonable then to conclude that for the submicron TiO2 hollow shells, no multiple reflections would occur within the shells. Nonetheless, if the diameter of TiO2 hollow shells is much larger (under geometrical optics approximation) than the wavelength of the incident light, there might be multiple reflections within the cavity of TiO2 hollow shells and thus enhance the light harvesting efficiency.
Practically, it is difficult to synthesize a solid TiO2 sphere and TiO2 hollow shell with exactly the same mass and crystallinity to compare their photocatalytic activity. However, the activity enhancement of TiO2 hollow spheres originating from the multiple reflections or the multiple scattering can be tested by comparing the activity before and after breaking the shells. It is assumed that the multiple reflections and the multiple scattering effects that happen on the TiO2 hollow spheres are related to the diameter and shell thickness. Herein, the TiO2 hollow structures with different diameters but similar thickness have been selectively fabricated. A series of hollow TiO2 shells with particle diameters of 180-700 nm spanning over the UV and visible light regime was synthesized by using a SiO2 templating method (see Supplementary information). The external diameters of the TiO2 hollow spheres were controlled to be 190, 300, 450, and 600 nm (denoted as T190, T300, T450, and T600) by adopting 90, 200, 330, and 490 nm sized SiO2 spheres as templates, respectively. TEM images of the hollow TiO2 are shown in Figs 2a1-d1. The hollow TiO2 samples show mesoporous structure with monodisperse particle dimensions (Fig. S1 ). Both the particle size and shell thickness are well controlled, showing a similar shell thickness of 50-60 nm. XRD was employed to further determine the crystalline phase of all TiO2 hollow shells. As shown in Fig. S2 , all samples show similar crystallinity with peaks attributable to the anatase crystalline phase of TiO2.
For comparison, the hollow structure was destroyed by grinding of TiO2 samples with an agate mortar, and then the photocatalytic activity of the resultant crushed sample was evaluated. As shown in Fig. S3 , the hollow structure was totally destroyed after grinding. Sample T300 was chosen to investigate the change of BET surface area before and after grinding. As shown in Fig. S4 , the BET surface area of T300 and the ground sample were 209 and 195 m 2 g −1 , respectively, suggesting no major change in the surface area. Afterwards, we tested the UV-driven degradation of RhB by using these samples as catalysts for evaluating the photocatalytic activity. The performance of photocatalysts toward RhB degradation was measured by monitoring the intensity changes of the 553 nm peak versus time, as summarized in Figs 2a2-d2 . To compare the activity of TiO2 hollow shells before (T) and after grinding (G), the data was also displayed in semilogarithmic form (inset in Figs 2a2-d2) in order to calculate the first-order reaction rate constants (k). For T190, the crushed sample shows a higher k value (0.039 min −1 ) than the hollow shells (0.033 min −1 ). The k value of T300, T450, and T600 are 0.029, 0.043, and 0.026 min −1 , respectively, while the crushed samples are 0.026, 0.041, and 0.027 min −1 , respectively. It is found that the activity differences of the sample before and after grinding are within 3%-10%, suggesting that there is no major light harvesting enhancement in the TiO2 hollow shell.
In addition, we calculated the total absorption cross section of a TiO2 hollow shell when cracked into several fragments, which is based on Scheme S1 and Equations (S5 and S6) (see Supplementary information). The simulation results show the absorption cross section of UV light (365 nm) versus crushing number (Figs 2a3-d3) , which represents the number of the smaller pieces after crushing. Since it is hard to control how many small pieces are created after grinding, the trend of the absorption cross section versus crushing numbers can help us to understand the trend of activity changes. For the sample T190, as shown in Fig. 2a3 , at the beginning of grinding, the absorption increases with the increase of crushed number, suggesting that the absorption can be enhanced by grinding. This can explain why the photocatalytic activity of T190 increases after grinding compared to the hollow shell structure. For T300, T450, and T600, at the beginning of crushing, the absorption is similar with that of the original TiO2 hollow shell, showing a fluctuating trend. This is probably because of the different size distribution of the crushed samples. For the bigger and thicker hollow shells (T300, T450, and T600), the size distribution of the crushed fragments is broader than that of T190, so the ratio of the crushed fragments which show an appropriate size to cause the Mie resonance is higher, resulting in more absorption peaks, as shown in Figs 2b3-d3. The overall trend show a similar absorption, in accordance with the similar photocatalytic activity of these samples before and after grinding. Figs 2a4-d4 show the absorption cross section of each hollow shell evolution from a solid sphere with the mass equal to the hollow shell. The circles indicate the position of the synthesized TiO2 hollow shell in this study. It is found that the hollow shell exhibits lower absorption compared to the solid particles. These results indicate that there is no multiple reflections in TiO2 hollow shells from 190-600 nm with a thickness of about 50-60 nm.
To further evaluate the light utilization efficiency in TiO2 hollow structures, we synthesized TiO2 hollow shells with different shell thicknesses in order to investigate the light absorption as well as photocatalytic activity. Firstly, the external diameters of the TiO2 hollow spheres were kept similar with T190 but the shell thickness was decreased by adopting 140 nm sized SiO2 as the template, denoted as T140/180. As shown in Fig. 2e1 , the hollow TiO2 samples also show a mesoporous structure with a shell thickness of about 20 nm. The photocatalytic activity of T140/180 before and after grinding was shown in Fig. 2e2 . The crushed sample showed a lower activity (k = 0.080 min −1 ) compared to the hollow shells (0.096 min −1 ). It is interesting that from the calculation result, it can be observed that the absorption cross section is decreasing over the grinding process (Fig.  2e3) . The drop in activity may be attributed to the breakage of the hollow shells. According to Mie's scattering theory [34] , the incident light will be strongly scattered on the surface of a particle with an appropriate size comparable to its wavelength. When the scattering cross-section exhibits a number of resonances for a given particle size, the scattering will be very efficient at these wavelengths. Here, the size of T140/180 likely matches the incident light (365 nm) to show Mie resonance, resulting in the enhancement of scattering and absorption of the TiO2 hollow shell, followed by the high light utilization efficiency. It is also confirmed by the simulation of T140/180 from a solid sphere to a hollow shell by gradually increasing the internal radius but maintaining the volume. The calculated absorption was shown in Fig. 2e4 . We can easily observe that a hollow shell with a 70 nm internal radius shows highest absorption intensity, which is consistent with the case of T140/180. After the hollow shells were destroyed, the resonant effect might be decreased or disappear, resulting in lower scattering and absorption and thus lower photocatalytic activity. Afterwards, a bigger and thicker TiO2 hollow shell was prepared by increasing the thickness of T600, denoted as T490/690. As show in Fig. 2f1 , the hollow TiO2 samples showed a shell thickness of about 100 nm. Similar photocatalytic activity was observed for T490/690 and the crushed sample (Fig.  2f2) . The calculated absorption cross section also shows a fluctuating trend (Figs 2f3 and f4) .
Recent works have also revealed that multi-shelled hollow spheres exhibit a greatly enhanced photocatalytic activity or photoelectric conversion efficiency due to multiple-reflections of light [37, 38] . To verify the multiple reflections effect in the multi-shelled hollow TiO2, double shelled TiO2 was synthesized by utilizing T450 (Fig. 3a1) as the inner hollow shell, sequential coating with SiO2 and TiO2, and finally dissolving the middle layer of SiO2. Double shelled TiO2 with different inter-shell distance were pre- D-T550 and D-T-670 before and after grinding were evaluated by the degradation of RhB. The activity of sample D-T550 is shown in Fig. 3b2 . It is found that the degradation activity of the double shell and crushed sample are almost the same within the first 10 min, after which the crushed sample shows a lower activity. The k value drops from 0.060 to 0.051 min −1 , which is probably due to the diffusion issue. As shown in Fig. 3c2 , the crushed sample of D-T670 exhibits a very close degradation activity with the original TiO2 double shell. The first-order reaction rate constants (k) calculated from the kinetic data (inset in Fig.  3c2 ) are 0.046 and 0.040 min −1 for D-T670 before and after grinding, respectively. There is not much difference in the observed activity, indicating that there are no significant multi-reflections of light within the double shell. The absorption cross section of D-T550 and D-T-670 over grinding was also calculated, as shown in Figs 3b3 and c3 , where a fluctuating trend was observed for both of the two samples.
Finally, the photocatalytic activities of different TiO2 hollow spheres before and after grinding are summarized in Fig. 4 . On the basis of our experimental results, generally only a small difference in the activity was observed for the TiO2 hollow shells before and after grinding. The activity differences are within the error range for most of the samples. A notable difference was for sample T140/180, as 17% decrease of the activity was observed after grinding. As we discussed previously, this is probably because of the match between the size of the shells (140/180 nm) and the incident light (365 nm), which leads to resonance and results in the highest light utilization efficiency and activity. However, compared with our previous results about the activity difference caused by the other factors such as crystallinity, phase composition, dispersity [20] , the enhancement is more significantly, suggesting that the activity enhancement from the resonance is minor.
CONCLUSIONS
With theoretical and experimental evidences we reveal that the multiple reflections and multiple scattering of TiO2 hollow structures are size dependent. In the submicron-scale TiO2 hollow shells, there are no significant multiple reflections within the sphere interior voids. The photocatalytic performance of TiO2 hollow structures can be enhanced by the Mie scattering of light only when the size of TiO2 shell matches the wavelength of incident light. However, even when resonance is reached, the activity enhancement by scattering is still very limited. We conclude that for the design of TiO2 photocatalyst with higher activity, it might be more appropriate to focus on the improvement of the crystallinity, diffusion, surface area, and dispersity of the catalyst, rather than its geometric shape. On the other hand, the fabrication processes of hollow shells do offer many other opportunities in structural design for achieving high active surface area, reduced diffusion resistance, and improved accessibility, which are highly desired features in photocatalysis.
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